Abstract
exploration of the function of Dll in eyespot formation, and accurately replicated a wide-range of 23 mutant phenotypes. These results confirm that Dll is a required activator of eyespot development, scale 24 growth and melanization and point to a new mechanism of alternative splicing to achieve Dll over-25 expression phenotypes.
27
The genetic and developmental origins of the bullseye color patterns on the wings of nymphalid 
32
domain concurrently with the origin of eyespots 3 . Some of these genes have since lost their expression
33
in eyespots, without affecting eyespot development, suggesting that they did not play a functional role 34 in eyespot development from the very beginning 3 . Yet, one of the genes, Distal-less (Dll), has remained 35 associated with eyespots in most nymphalid species examined so far, suggesting that it may have played 36 a functional role in eyespot origins 3, 6 .
38
The function of Dll in eyespot development was initially investigated in B. anynana using transgenic 39 over-expression, RNAi, and ectopic expression tools 7 . Overexpressing Dll in B. anynana led to the 40 appearance of small additional eyespots on the wing as well as larger eyespots, whereas Dll down-
41
regulation produced smaller eyespots, strongly implicating Dll as an activator of eyespot development potential mutants we paid special attention to areas where Dll expression was previously detected in B. anynana. These areas included the antennae, thoracic, and abdominal legs 10, 11 eyespot centers 12, 13 Results
91
To confirm guide RNA efficiency in vitro we purified genomic amplicons of Table 2 ). The most striking mutants displayed complete loss of 99 eyespots (Fig. 2a,b ) followed by eyespots with significant developmental perturbations. Altered or 100 lighter scale pigmentation, associated with the eyespot mutations, appeared to correspond to the 101 extent of the mutant clones. Depending on their location, the lighter patches of wing tissue (i.e., the
102
presumptive Dll null clones) had remarkable effects on pattern formation. Eyespots vanished when 103 mutant patches covered the location of the eyespot centers (Fig. 2a,b) , and mutant patches led to split 104 eyespots with mutant tissue bisecting the two eyespot centers (Fig. 2c ). Some patches also had lighter 105 grey-blue scale pigmentation (Fig. 2d) , lacked cover scales, or both cover and ground scales (Fig. 2e) . In
106
addition to wing mutations we observed appendage defects that would be expected from a Dll 107 knockout 17, 18 . A number of mutants exhibited reduced to barely noticeable stumps, legs with missing 108 tarsi ( Supplementary Fig. 2a ) and deformed antennae with missing tips ( Supplementary Fig. 2b ).
110
Dll exon 2 mutants produced gain and loss of function phenotypes
111
Embryonic injections of guide RNAs targeting either the 5'UTR (Sg1) or the coding sequence (Sg2) of 112 exon 2 led to phenotypes similar to the ones described above (Table 2) as well as to a remarkable new 113 set of phenotypes, sometimes co-occurring on the same wing. These included ectopic eyespots along 114 the proximal-distal axis of the wing (Fig. 2f ) and eyespots with a tear-drop shaped center (Fig. 2g) ,
115
closely resembling a spontaneous mutant variant in B. anynana known as the comet phenotype 19 ( Fig.   116 2h). Ectopic eyespots were observed regardless of whether we targeted the 5'UTR or the coding 117 sequence of exon 2, as we injected each of these guide RNAs separately. Some butterflies displayed
118
both ectopic and missing eyespots on the same wing (Fig. 2i) . Interestingly, ectopic eyespots were never 119 associated with changes in pigmentation in contrast to wing tissue with missing eyespots (Fig. 2i,j) ,
120
which always displayed the grey-blue pigmentation defects, highlighting the extent of the mutant clone
121
of cells. Similarly to exon 3 mutants, we also observed appendage mutants including truncated antenna
122
and legs or with fusion of antenna or proximal leg segments ( Supplementary Fig. 2c,d ,e) .
124
Confirmation of CRISPR-Ca9 activity using next generation sequencing
125
In order to confirm that the phenotypes observed were due to genetic alterations of the targeted exons,
126
we performed next-generation amplicon sequencing of Dll to identify the entire range of mutations 127 generated from Sg1, representing exon 2 mutations, and Sg3, representing exon 3 mutations. To 128 identify mutations associated with each specific phenotype, especially in the case of exon 2 mutations 129 that produced both ectopic as well as missing eyespots, we isolated DNA from the adult wing tissue by
130
carefully dissecting around regions corresponding to missing, ectopic, or comet eyespots (see Fig 2f,g,i) .
131
To characterize mutations we used CRISPResso, a software pipeline for analyzing next generation 132 sequencing data generated from CRISPR-Cas9 experiments 20 . This analysis identified a range of 
136
mostly non-coding (Table 2 ). For Sg3, we sequenced two individuals (Fig. 2c,d ) and identified a range of 137 mutations with the most frequent representing a 42 bp and 4 bp deletion, respectively ( Fig. 2k and 
138
Supplementary Fig. 3a ). For Sg1 we sequenced 3 individuals (Fig. 2f,g,i) . A large 72bp deletion was 139 observed in a mutant displaying ectopic eyespots (Fig. 2f, Supplementary Fig. 3b ). In contrast, relatively 140 small indels were observed for another ectopic eyespot mutant (Fig. 2i,k, Supplementary Fig. 3c ), and 141 surprisingly, the same 7 bp insertion emerged as the most dominant mutation from wing tissue either
142
with ectopic or missing eyespots (Fig. 2i,k) . The most dominant mutation observed for the comet 143 eyespot phenotype represented a single base pair deletion (Fig. 2g,k, Supplementary Fig. 3b ). Overall, 
216

Gray-Scott model of eyespot formation
217
To probe the mechanism of eyespot center formation we utilized theoretical modeling to explore 
222
We turned to a Gray-Scott reaction-diffusion model (also known as the at a rate α, consistent with our in situ observations (Fig. 3b, Supplementary Fig. 6 ). 
250
The system we modeled is described by the following reaction-diffusion equations for the 
266
This reaction network produced a broad patch of activator (A1) up-regulation that narrows until it is 267 along the midline and then further reduces to form a single spot, consistent with experimental 268 observations (Fig. 3a,b ,c,f) 33 . The eyespot location was near the observed experimental position using 269 boundary conditions consistent with in situ observations (Fig. 3a,b,c,d ). During the whole dynamics, A1
270
and A2 were spatially anti-correlated, in agreement with Arm and dpp anti-colocalization.
272
Phase diagram of spot formation within the Gray-Scott model
273
The position, size, and shape of the spot within the model were sensitive to Dll activity (parameter K)
274
and A2 production rate (parameter ) with eyespot centers emerging at high K and  (Supplementary
275
Figs 7-8a). At lower values of K and , the reaction between activator and substrate was not sufficiently 276 strong to overcome degradation of the activator and no eyespot formed.
278
Gray-Scott model accurately replicates eyespot formation of exon 3 mutant clones
279
We 
295
Our model accurately predicts ectopic eyespots and the comet phenotype from exon 2 mutants
296
Alternative splicing of exon 2 is associated with the differentiation of two eyespots and with comet-
297
shaped eyespots. These phenotypes do not show associated pigmentation defects, and thus, it is 298 unclear the extent of the Dll mutant clone that produced them. Therefore, we modeled these mutants
299
by assuming cells expressed a functional truncated Dll protein across the whole wing sector, which 300 degraded more slowly than its wild-type version, effectively resulting in increased K (Supplementary
301
Theoretical Modeling). Increasing K while keeping all other parameters fixed led to a spot size increase,
302
until at some threshold value the spot splits vertically into two smaller spots. This phenotype was very 303 similar to the phenotypes observed in Fig. 2f,i, Fig.5b ,c. Further increasing K resulted in the double spot 304 phenotype turning into an extended finger pattern, close to the observed comet phenotype (Fig. 2g, 
305
Supplementary Figs. 8,9 ).
307
eyespot size 7 . Keeping our model parameters fixed, we reran the simulations with reduced values of K, which corresponds to reduced Dll production (Fig. 5a ). The simulations support these experimental finding by showing that reducing K also results in smaller eyespots (Fig. 5d ). 
335
anynana and V. cardui 2, 3, 8, 34 . During the larval stages, Dll is expressed in the center of the wing sectors 336 where eyespots will develop, and is absent from the wing sectors where eyespots will not develop 7, 8 .
337
In a recent study, Zhang and Reed (2016) 8 
401
In addition to eyespot center differentiation, we confirmed that Dll has an additional role in wing 
407
Dll appears to have a further role in scale cell development. In several Dll mutants, a specific type of 408 scale, the cover scales, or both cover and ground scales were missing from patches on the wing. Patches
409
of scales with reduced pigmentation may have been Dll heterozygous clones, whereas those with scales 410 missing may have been homozygous clones. This suggests that Dll is required for scale development.
411
Scale cells, due to their pattern of division, differentiation and growth, and expression of an achaete-
412
scute homologue, were proposed to be homologous to Drosophila sensory bristles, which share similar 413 characteristics but are restricted to the anterior margin in the fly wing 45 . In Drosophila, Dll mutant
414
clones along the wing margin lead to loss of achaete-scute expression and loss of bristles 46 . Our results
415
further strengthen the hypothesis that butterfly wing scales are novel traits that originated from 416 modified sensory bristles, which populated the entire wing blade.
417
Conclusions
419
Here, we show that CRISPR cas-9 induced mutations in Dll can produce both knockout and gain of 420 function phenotypes depending on which specific exon is targeted. While we still do not understand 
443
Materials and Methods
445
Animal husbandry
446
B. anynana were reared at 27 o C and 60% humidity inside a climate room with 12:12hrs light : dark cycle.
447
All larvae were fed young corn leaves until pupation. Emerged butterflies were frozen and then the 448 wings were cut from the body for imaging using a Leica DMS1000 digital microscope.
450
Guide RNA design
451
Guide RNAs corresponding to GGN20NGG (Dll) were designed using CRISPR Direct 47 . We separately 452 targeted three sites in Dll with two guides targeting exon 2, (in the 5'UTR and coding sequence) and a
453
third guide targeting the homeobox of exon 3 (Fig. 1a) . 
460
RNA size and integrity was confirmed by gel electrophoresis.
462
In vitro cleavage assay
463
The guide RNAs were tested using an in vitro cleavage assay. Wildtype genomic DNA was amplified than 500 bp incorporating exon 2 or exon 3 were amplified using barcoded primers by PCR
486
(Supplementary Table 3 ). The samples were visualized on a gel to confirm the presence of a single band 487 then purified using Thermo Scientific PCR purification kit. The purified products were quantified using
488
Qubit and sequenced using Illumina Miseq (300 bp paired-end). Exon 3 mutants were sequenced with and trimmed using PRINSEQ 50 . The trimmed files were processed using the command line version of biological replicates were tested to ensure sufficient statistical power to detect expression differences.
517
The reaction was set up following the manufacturer's instructions and run on a BIORAD thermocycler.
518
Relative expression software tool (REST) was used to analyze the expression data 51 .
520
In-situ Hybridization
521
In-situ hybridization was performed on 5 th instar larval wing discs. Wings were dissected in cold PBS
522
and transferred into fixative containing 4% formaldehyde. After proteinase K treatment peripodial 523 membranes were removed using fine forceps. The wings were then gradually transferred in increasing 524 concentration of pre-hybridization buffer in PBST and incubated in pre-hybridization buffer at 65⁰C for 525 1 hr before transferring into hybridization buffer containing 70ng/ml probe. Hybridization was carried 526 out in a rocking-heating incubator at 65⁰C for 20 hrs. After hybridization wings were washed 5 times in 527 pre-hybridization buffer for 20 mins at 65⁰C. Blocking was carried out using 1% BSA in PBST. Anti-528 digoxygenin AP(Roche) at the concentration 1:3000 was used to tag digoxygenin labelled probes.
529
NBT/BCIP (Promega) in alkaline phosphatase buffer was used to generate color. 
540
Modeling details
541
Parameter estimation: We modeled a wing sector bordered by veins and containing a single eyespot as 542 a rectangle with typical width = 150 and length = 262 (Fig. 3d) , 16 . We used degradation 543 and diffusion rates for both A1 and A2 close in magnitude to those measured for Wg and Dpp
544
respectively in the Drosophila wing disc 30 . Due to the longer time scales involved in eyespot patterning,
545
both degradation and diffusion rates were assumed to be smaller than in Drosophila (therefore, we observed a decrease in dpp ( Supplementary Fig. 6 ) at late larval stage, we decreased α by 25% at time 548 t = 60h in the simulation.
549
We present in Fig. 4 
556
Boundary conditions: Boundary conditions were implemented based on the in situs and
557
immunostainings for dpp and Arm (Fig. 3a,b) . The wing margin was modeled as a source term of Wg as
558
Arm is present along the wing margin of B. anynana and wg is also present along the wing margin of 559 other butterflies 53 .
As dpp is absent along the wing veins (Fig. 3a) , we modeled the veins as sinks for 560 both Wg and Dpp, which helped to confine the activator and substrate to the central part of the wing 561 sector in a finger-like pattern (Fig.3d,f) . These conditions differ from those used in 15, 16 where the 562 proximal cross-vein and lateral veins are the only sources of activator and inhibitor.
563
Initial conditions: At t = 0h, there are no activator and substrate in the wing sector. At t = 0h, A1 starts 564 to diffuse from the wing margin to the wing sector, and the substrate A2 is produced by all cells in the 565 wing sector. We assume detailed balance in the reactions, which can lead to spot formation in the Gray-
566
Scott model (Supplementary Theoretical Modeling).
567
Data availability
568
The codes used to generate simulations and the images of all wings from butterflies showing 569 phenotypes are available from the corresponding authors upon request.
moth and butterfly wing pattern evolution. Mol. Biol. Evol. 27, 2864-2878 (2010). *These results are based on easily visible phenotypes and are likely an underestimation particularly from individuals that partially or fully eclosed but with highly crumpled and folded wings making it difficult to evaluate the extent of the mutations.
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